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Abstract: Study of Aluminum nitride (AlN) thin film deposited on silicon wafer and glass substrates by DC magnetron sputtering
technique at different power variation. The X-ray diffraction and Fourier transform infrared spectroscopy (FTIR) study revealed the
formation of the AlN phase. The optical characteristics of films, such as refractiveindex, extinction coefficient, and average
thickness, were calculated by Swanepoel’s method using transmittance measurements. The refractiveindex and average roughness
values of the films increased with film thickness. At lower power (100W) and constant gas ratio the film surface roughness was 1.7
nm. It was observed that films coated at lower power were 75% transparent in the visible spectral region.
Keywords:Magnetron sputtering, Thin film, Deposition rate, Transmittance

1.

INTRODUCTION

Aluminium nitride (AlN) is a wide band-gap (6.2 eV) [13] III–V compound, which has attracted attention of the
scientific community due to its exotic properties. Thin
film of AlN with a hexagonal wurtzite crystalline
structure is used in various applications like optical hard
coatings,
wear
resistant,
high
temperature
microelectronics, chemical and thermal stability [4-7]. Its
high thermal conductivity (180Wm-1K-1) [8, 9], excellent
piezoelectricity
[10],
high
electrical
resistivity ( ρ = 109 – 1011Ωm) [11], and fast acoustic
velocity [12] make AlN promising material for use in
optoelectronic, surface acoustic wave devices, sensor and
thin film resonators [13, 14]. Thermal conductive AlN
films with moderate dielectric constant are considered for
metal-oxide-semiconductor (MOS) applications [15].
AlN films are used for optical applications in corrosive
and high temperature environments [16, 17].
Quality AlN thin film requires high purity source and
oxygen free environment for deposition because of the
aluminium reactivity. Traditionally, AlN films are
deposited by various techniques, preferably chemical
vapour deposition (CVD) or molecular beam epitaxy
(MBE) [18-21], pulsed laser deposition (PLD) [22-24]
and electron shower method [25]. Recently, many reports
on low temperature deposition of good quality AlN films
by physical vapour deposition (PVD) techniques are
available. In the PVD process DC reactive magnetron
sputtering is the most common deposition process.
Among these, sputtering has advantages over other

conventionally used high temperature techniques because
of its simplicity, low thermal temperature, low cost and
its ability to produce good quality films with desired
properties [26-27]. Characteristic features of the prepared
films depend on the processing parameters and method
and are easier to control in PVD process.
In this work the AlN- films are deposited on Si and
glass substrates by the DC reactive magnetron sputtering.
To achieve the desired property we observed the effects of
power on the phase, structure, and film formation on Si
and glass substrates. All the deposition is carried out
keeping constant gas ratio, deposition temperature and the
base pressure. The thin films are characterized using Xray diffraction (XRD), Atomic Force Microscopy (AFM),
spectroscopic Ellipsometer. Optical properties of the films
are analysed using UV-Visible spectrometer and Fourier
Transform Infrared (FTIR) Spectroscopy. The optical
properties of thin films have been investigated by various
analytical and numerical methods [28-31]. In these
methods, transmittance and reflectance data have been
used to calculate thin film optical constants, such as
refractive index n(λ), extinction coefficient k(λ), and film
thickness d.
2.

EXPERIMENTAL DETAILS

2.1 Deposition
A schematic diagram of the DC magnetron Sputtering
deposition system is shown in Fig 1. The DC magnetron
sputtering system consists of a vacuum chamber, cathode
(connected to 1kV DC power supply), mass flow
controller, sample holder and view port. Pure Al target
© 2014UOB SPC, University of Bahrain
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(50 mm diameter, 5 mm thick, 99.99% pure) was
mechanically clamped to the magnetron cathode of the
sputtering system.
DC
Power

Cathode

Ar + N2
Plas
ma

Sputtering
Target
Shutter
Substrat
e
Anode

Pumping
port

Figure 1. Schematic Diagram of DC Magnetron Sputtering System

Silicon substrates of size 10 X 10 mm2 were obtained by
cutting silicon wafers of thickness ~ 0.5 mm and glass of
thickness ~ 3mm. The substrates were ultrasonically
cleaned and dried at room temperature prior to
deposition. Substrates were mounted on the sample
holder and a base pressure of ~10-6 mbar was obtained.
The target surface was sputter etched by Ar at 100 W for
20 min to avoid contamination before deposition. After
sputter cleaning, Ar: N2 gas flow rate was adjusted to 4: 6
ratios and working pressure of ~ 2 x 10-2 mbar was
maintained during deposition. In this way, films were
obtained at four different DC power (100, 200, 300 and
400 W). The substrate temperature was monitored using
a thermocouple. Film growth conditions are summarized
in Table 1.
Table 1: Deposition Parameters for AlN (D.C. reactive Sputtering)

Objects
Target
Substrate
Target to substrate distance
DC power
Substrate temperature
Sputtering time

Specification
Al pure (99.99%)
Si wafer and glass
6.5cm
100, 200, 300 and 400 W
Room- Temperature
60 minute

Thickness of the films was measured using
ellipsometer (Nano- View Inc., Korea; SEMG1000-VIS)
with instrumental error of ± 6 nm error bar. The thickness
of each sample is represented by ± 6 nm error bar.
Crystallographic analysis of the deposited films was done
by GIXRD(Model:
Bruker D8 Advance X-ray

diffractometer). The x- rays were produced using a sealed
tube and the wavelength of x-ray was 0.154 nm (Cu Kalpha). The x-rays were detected using a fast counting
detector based on Silicon strip technology (Bruker Lynx
Eye detector). Surface morphology of the films was
investigated by an AFM. Al-N bond formation was
characterized by FTIR spectroscopy (Shimadzu Corpn.,
IR-Prestige). Optical transmission spectra (Perkin Elmer,
Lambda-25) of these AlN films were measured at room
temperature from 190 to 800 nm in wavelength region
using a dual-beam spectrophotometer. The film surface
resistivity was measured using standard four-point probe
method. The resistivity was calculated using Van der
Pauw method. According to which the resistivity is given
by, ρ = (k x V x t) / I, where k = CF1 x CF2; CF1 and
CF2 are the two geometric correction factors, V/I is the
slope of plot obtained by four point probe measurements
and t is the film thickness. In our study, the applied
correction factor (k) is taken as 0.95 [32]. To minimize
the experimental error resistivity measurement was taken
at different places on film surface.
2.2 Optical Properties measurement
A homogeneous thin film deposited on a transparent
substrate with a thickness of several orders of magnitude
greater than that of the film. The film and the substrate
are surrounded by air with a refractive index n0 ≈ 1 and
the incident light from the spectrophotometer is normal to
the substrate. The film has a complex refractive index
given by:
N = n – ik,
Where, n = refractive index, k = extinction coefficient
Extinction coefficient is expressed in terms of the
absorption coefficient ‘α’ by:
𝛼𝜆
k= ,
(1)
4𝜋
Where, λ = wavelength
The transmission spectrum contains interference fringes
that obey the basic formula
2nd = mλ,

(2)

Where
m = interference order is an integer for maxima and a
half- integer for minima in the transmission spectrum
d = film thickness.
The transmission spectrum roughly divided into three
regions:
the transparent region: (α = 0),
the weak and medium absorption region where α is
small, and
the strong absorption region where the transmission
decreases markedly owing to the effect of α.
For the case of k2≪ n2, the transmittance T for normal
incidence is given by [29]
T=

𝐴𝑥
𝐵−𝐶𝑥 𝑐𝑜𝑠𝜑+𝐷𝑥 2

(3)
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With
A = 16 n2 s,
B = (n+1)3 (n+ s2),
C = 2(n2 -1) (n2- s2)
𝑛𝑑

Φ = 4π ,
𝜆
D = (n -1)3 (n-s2),
x = exp (-αd).
The transmission values at the extremes of the
interference fringes can be obtained using eq. (2) by
substituting cos φ = +1and -1 for maxima and minima
respectively. Thus, eq. (2) can be written as
TM =
Tm =

𝐴𝑥
𝐵−𝐶𝑥+𝐷𝑥 2

(3a)

,

𝐴𝑥
𝐵+𝐶𝑥+𝐷𝑥 2

(3b)

.

In the medium and weak absorption region, the refractive
index of the film can be calculated as [29]
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considered in our case to determine the accuracies of the
final thickness, which are approximately 3 and 2% for
samples 100 and 200W, respectively. By using the
average value of film thickness d̅2 and the exact value of
m, the final values of the refractive index n are obtained.
Moreover, the values of n can be fitted to a reasonable
function, such as the two-term Cauchy dispersion
relation, which can be used for extrapolation at all
wavelengths and is well suited to the transparent
materials through the following relationship [33].
𝑏
n(λ) = a + 2 ,
(7)
𝜆
Where a and b are the fitting parameters and λ is give in
nm.
The accuracy of the optical constant determination is
strongly affected by the amplitude of transmission
oscillation [34]. There are two necessary conditions
required for good fringe patterns: 1) the difference
between n and s should be as large as possible and 2) the
thickness of the glass substrate should be several orders
of magnitude higher than the film thickness. The relative
error in the refractive index is given by [34]
∆𝑛

ni = [ N + (N2 –s2)1/2]1/2,
For which
N = 2s

𝑇𝑀 −𝑇𝑚
𝑇𝑀 𝑇𝑚

+

(4a)

(4b)

Where ni and ni+1 are the refractive indices at two adjacent
maxima at λi and λi+1, respectively. The substrate
refractive index s is evaluated as
𝑇𝑠

+ (

1

2 − 1)

𝑇𝑠

1
2

𝑇

(

)

1

(8)

,

𝑇𝑀 −𝑇𝑚 𝑓(𝑛,𝑠)

(𝑛2 −𝑠)(𝑛2 +𝑠)

2(𝜆𝑖 𝑛𝑖+1 −𝜆𝑖+1 𝑛𝑖

1

∆𝑇 𝑇𝑀 +𝑇𝑚

𝑓(𝑛, 𝑠) = −2 (𝑛2

Here, TM and Tm are the transmission maximum and the
corresponding minimum at a certain wavelength λi,
respectively. Alternatively, one of these values is an
experimental interference extreme and the other one is
derived from the corresponding envelope. The substrate
refractive index and the film thickness are s and d,
respectively. The first approximate value of the film
thickness is given by
𝜆𝑖 𝜆𝑖+1
di =
,
(5)
)

S=

=

Where

𝑠2 + 1
2

𝑛

(6)

Where Ts is the substrate transmittance, which is almost
a constant in the transparent region. The first
approximate value of the film thickness d̅1 is the average
value of di. This value is used, together with ni, to
calculate the ‘‘order number’’ m0 for the different
extremes using eq. (1). The accuracy of the film
thickness is increased by taking the corresponding exact
integer values of m associated with each extreme point,
resulting in a new thickness, d2, from eq. (1). The new
thickness values should have a much smaller dispersion
and their average is taken as the film final thickness d̅2.
The root mean-squared deviation of different d2 values is

,

−1)(𝑛2 −𝑠 2 )

(9)

And ΔT/T is the relative precision measurement.
The accuracy is strongly affected by the presence of the
ratio (TM + Tm)/ (TM - Tm), especially in the case of a low
amplitude of transmission oscillation [34].
3.

RESULTS & DISCUSSIONS

Thin film depends on the kinetics of the arrival species at
the substrate and is directly dependent on the deposition
parameters. The deposition parameters are summarized in
Table I. On increasing the DC power cathode current
increases and thicker films are obtained. It is due to the
reason that at higher DC values number of electrons
supplied into the plasma is increased and coating
parameter supported the better film formation with
minimum re-sputtering [35]. Graph of film thickness and
supplied voltage confirms the expected increase in
thickness (Fig. 2). The XRD pattern of AlN thin films
deposited at various DC powers from100 to 400 W is
shown in Fig. 3.
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Figure 2. Film thickness of AlN films on DC power

2d image

Figure 3. GIXRD diffractograms of deposited filmsprepared at different
DC power; (a) 100W, (b) 200W,(c) 300W, and (d) 400W.

Fig. 4. (a) 2-D and (b) 3-D AFM image of topography of AlN thin films
deposited at 100 W.

2.5
2.4
2.3

RMS roughness (nm)

The XRD spectra of the deposited films were confirmed
using the JCPDS data tables. It shows that diffraction
peaks observed at 2θ = 33.310 correspond to (100) AlN
(JCPDS card No. 79-2497) is prominent and stronger
with increasing power from 100 to 400 W. When the
power was increased to 400 W (Fig. 3(d)), extra peak
observed at 2θ = 82.320 that corresponds to Al (222)
phase (JCPDS card No. 85-1327). This extra phase of Al
in the XRD spectra isdue to the excess Al atoms ejected
from the target at higher DC power, which were not
reacted and deposited in pure form on the substrate.
The surface topography of AlN thin films is characterized
by AFM. Fig. 4 is two and three dimensional AFM image
of 150 nm×150 nm deposited at 100W. Overall smooth
and uniform AlN film surface is found at these growth
conditions. Fig. 5 shows the root mean square (RMS)
surface roughness derived from the corresponding AFM
images. The surface roughness of the AlN films increases
with the increase of the DC power. Kajikawa et al.
studied the correlation between process conditions and
film structure, and suggested that the morphology of
reactive-sputtered nitride films can be affected at both
initial and growth stages. In the initial stage, four
processes occur, which include (I) nucleation due to
epitaxial relationship or due to

3d image

2.2
2.1
2.0
1.9
1.8
1.7
1.6
1.5
50

100

150

200

250

300

350

400

450

DC Power (W)

Fig. 5. Variation of the AlN surface roughness as a function of the DC
power.

surface and interfacial energy anisotropy, (II) coarsening
due to surface and interfacial energy anisotropy, (III)
grain growth, and (IV) resputtering due to ion
bombardment. In the growth stage, three processes occur
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2.2

Experimental Value of100W
Cauchy Value of100W
Experimental Value of 200W
Cauchy Value of 200W

2.1

Refractive index (n)

at the surface, including (I) precursor sticking, (II)
surface diffusion of adatoms, and (III) resputtering due to
ion bombardment [36]. Since nitride film formation
during reactive sputtering occur at the substrate and
deposited surface, Increase in the plasma power may
have resulted in increasing the number of ejected Al
species from the target, which results in the increase of
film thickness with the increasing DC power as shown in
Fig. 2. On the other hand, the incident energy of the high
energetic ions will contribute to the surface migration and
surface reaction to form a flat surface, which leads to the
increase of the RMS surface roughness with increasing
the DC power as observed in Fig. 5.
Fig. 6 shows the wavelength dependence of optical
transmittance of the AlN films grown at different DC
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Figure 7. Variation of refractive index (n) versus wavelength (λ) for
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Fig. 6: Optical transmittance spectra of AlN grown under various DC
power.

powers on the glass substrate. The transmittances of
different samples in the wavelength range 200-800 nm. It
was observed that by increasing the power value, the film
transparency decreased. Most probably, the thicker film
is denser and more defective, resulting in a decrease in
film transparency. The films were 75 - 80% transmitting
in the visible and ultraviolet range and had steep
absorption edges at ≈ 250 nm. Hence the film deposited
at 100 W is themost transparent in comparison to other
films. The refractive index and thickness of the deposited
films have been determined from their normal incidence
transmission spectra by Swanepoel’s method. [29]. Fig.7
shows both, the calculated and simulated refractive
indices n for samples with different thickness. The
experimental results are in good agreement with the
results obtained using the Cauchy dispersion relation.
The Cauchy dispersion relations for 100 W and 200 W
are
1.3 ×104

n(100) = 1.56 +

𝜆2
1.6 ×104

n(200) = 1.72 +

𝜆2

110
105
100
95
90
85
80
75
70
65

,

60

.

50

55

754.77

60

883.27

Transmittance(%)

80

In Fig. 7 the variation in refractive index as a function of
wavelength for samples 100 W and 200W. We observed
that the refractive index initially decreases with increase
in wavelength and finally becomes constant at a higher
wavelength. We found that the refractive index of 100 W
samples in the range of 1.67 to 1.74 and for 200 W the
range is 1.79 to 2.12. It had been observed that with
increase in thickness refractive index increases at the cost
of film transparency and surface roughness. Film
roughness results in scattering, as roughness increases
scattering increases and hence films become less
transparent. Refractive index of 100W sample calculated
at 550nm is 1.64 and extinction coefficient in the visible
range is k = 5×10-3. Film thickness at same power using
Swanepoel’s method is 271 ± 9 nm.
FTIR spectroscopy was used for the investigation of AlN bond (Fig. 8). FTIR in ATR (Attenuated Total
Reflectance) mode was used in which spectra is swept in
between 650 to 4000 cm-1. Two prominent peaks 754 and
883 cm-1 observed in the spectra which correspond to AlN bond that is absorption band of AlN nanoparticles [37,
38].

Transmittance (abs)
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45
40
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1000

1500
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Figure 8. FTIR transmission spectra of AlN thin films deposited at 100
W.
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Electrical resistivity (Ω-cm) and conductivity (Ω-cm-1)
measurement shown in Table 2 confirm that conductivity
of 100W film is better than 400W films. It had been
observed that conductivity of 300W and 400 W films are
nearly in same range where as conductivity of 200W film
is higher than these films. Electrical resistivity value of
AlN varies in between 107 Ω cm to 1014Ω cm [39-41].
Thus the film prepared at 100W shows resistivity that
falls in semiconductor range and films prepared at higher
power shows properties like insulators.
Table 2: Electrical resistivity- conductivity of DC sputtered AlN films

DC
Power
(W)
100
200
300
400
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CONCLUSIONS
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